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Abstract 
 
The ongoing loss of biodiversity and global environmental changes severely affect the structure of coastal 
ecosystems. Consequences, in terms of ecosystem functioning are, however, difficult to predict because the 
context dependency of the biodiversity-ecosystem function relationships within these heterogeneous 
seascapes is poorly understood. To assess the effects of biological and environmental factors in mediating 
ecosystem functioning (nutrient cycling) in different natural habitats, intact sediment cores were collected at 
18 sites on a grain size gradient from coarse sand to silt , with varying organic matter content and vegetation. 
To assess ecosystem functioning, solute fluxes (O2, NH4+, PO43−, Si) across the sediment-water interface 
were measured. The macrofaunal communities changed along the grain size gradient with higher abundance, 
biomass and number of species in coarser sediments and in habitats with more vegetation. Across the whole 
gradient, the macrofauna cumulatively accounted for 25% of the variability in the multivariate solute fluxes, 
whereas environmental variables cumulatively accounted for 20%. Only the biomass and abundance of a few 
of the most dominant macrofauna species, not the number of species, appeared to contribute significantly to 
the nutrient recycling processes. Closer analyses of different sediment types (grouped into coarse, medium 
and fine sediment) showed that the macrofauna was an important predictor in all sediment types, but had the 
largest impact in fine and medium sediments. The results imply that even if the ecosystem functioning is 
similar in different sediment types, the underpinning mechanisms are different, which makes it challenging 
to generalize patterns of functioning across the heterogeneous shallow coastal zones.  
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Introduction 
 
The rapid rates of global biodiversity loss and the serious anthropogenic pressures currently affecting our 
ecosystems (climate change, eutrophication, pollution, habitat loss), have increased the interest in and 
importance of understanding the role of biodiversity for ecosystem functioning (Vitousek et al., 1997; 
Halpern et al., 2008; Cardinale et al., 2012). The way biodiversity contributes to ecosystem functioning can 
be strongly controlled by environmental context, however, complicating our ability to generalize on the role 
of biodiversity. It is challenging to assess the relative importance of biodiversity and environmental variables 
for ecosystem functioning in natural ecosystems, because the functioning of these systems is regulated by 
many abiotic and biotic factors that are intertwined and therefore difficult to separate and control. Thus, most 
of the knowledge we have regarding these relationships has derived from laboratory experiments (Snelgrove 
et al., 2014; Gamfeldt et al., 2015). In most biodiversity-ecosystem functioning (BEF) studies to date, 
artificially assembled macrofauna communities have generally been investigated, which means that effects of 
natural species interactions, as well as spatial and temporal variation within the faunal communities and 
environmental conditions are not included (e.g. Gamfeldt et al., 2015). Species loss is not random, which is 
an aspect often neglected when using artificial communities in experiments (Larsen et al., 2005). 
Additionally, most studies have concentrated only on the effects of number of species for ecosystem 
functioning, while other attributes of biodiversity might be as important or even more important (i.e. 
dominance patterns, species identity or traits like body size, Norkko et al., 2013; Pratt et al., 2014; Lohrer et 
al., 2015). Although experiments have improved through inclusion of more natural conditions and more 
realistic scenarios (Emmerson et al., 2001; Bulling et al., 2008; Godbold, 2008; Naeem, 2008; Solan et al., 
2009), they provide only a small-scale and simplified picture of the complex natural systems. Therefore, the 
recent development within this field of research, with increasing numbers of observational field studies 
regarding BEF relationships, is extremely important (e.g. Hiddink et al., 2009; Needham et al., 2011; Villnäs 
et al., 2013; Pratt et al., 2014; Lohrer et al., 2015; Norkko et al., 2015; Gammal et al., 2017; Thrush et al., 
2017). While collective evidence to date, from small-scale laboratory studies to broader field studies, all 
suggest that biodiversity indeed is central for ecosystem functioning, the role of environmental context in 
driving these relationships remains unclear. 
 
In marine ecosystems, the benthic macrofauna is important for ecosystem functioning, and not 
least for the nutrient recycling processes at the seafloor. The activities of the benthic macrofauna in soft 
sediments are to a great extent affecting the microbial-driven biogeochemical processes responsible for 
nutrient recycling in the sediments (e.g. Bertics and Ziebis, 2010). Through their bioturbation and feeding 
behaviors, they have both indirect and direct effects on the organic matter mineralization processes. The 
macrofauna induce particle and solute transport for example due to their movement in search for food or 
building and maintenance of burrows, which affects the distribution of resources for the microbial 
community, as well as the oxygen and redox conditions within the sediments (Aller and Aller, 1998; 
 
 
4 
 
Kristensen et al., 2012). Additionally, they have direct effects on the organic matter mineralization and 
nutrient recycling due to feeding, egestion and excretion (Gibbs et al., 2005; Sereda and Hudson, 2011; 
Vanni and McIntyre, 2016). 
 
The activity of macrofaunal communities and their importance for nutrient recycling 
processes are, however, likely to vary between habitats and with changing environmental conditions, 
although this has not been well quantified. The structure of benthic macrofauna communities may be 
modified with changed grain size and organic matter input (Pearson and Rosenberg, 1978; Thrush et al., 
2003; Pratt et al., 2014). Additionally, benthic macrofaunal communities have been shown to be richer (i.e. 
higher abundance and number of species) in vegetated habitats than in bare sediments (Boström and 
Bonsdorff, 1997; Fredriksen et al., 2010; Bernard et al., 2014). The interactions between macrofauna and 
their surrounding environment may also change their contribution to the nutrient recycling processes at the 
sediment-water interface in different habitats. Species can express different behaviors in different sediments, 
depending on grain size and organic content (Needham et al., 2011) or food supply (Riisgård and 
Kamermans, 2001), as well as, the density of the vegetation (Bernard et al., 2014). The same behavior may, 
however, also have varying effects on ecosystem functioning in different sediments, due to the different 
nature of physical water flow in cohesive and non-cohesive sediments (Mermillod-Blondin and Rosenberg, 
2006). The potentially strong context dependency and the changing environmental conditions between 
habitats, thus, makes prediction of biodiversity-ecosystem functioning relationships in heterogeneous coastal 
environments very challenging. 
 
Predicting BEF relationships is especially challenging in near-shore waters that are highly 
heterogeneous with a mosaic of habitats. Nevertheless it is imperative that we improve our ability to predict 
changes in these relationships since coastal areas provide many vital ecosystem functions (e.g., primary 
production and nutrient cycling) and services (e.g. food provision and recreational opportunities, Levin et al., 
2001; Barbier et al., 2011; Snelgrove et al., 2014), while at the same time facing ever-increasing pressure 
from human activities. The aim of this field study was to assess the effects of biological and environmental 
factors on ecosystem functioning while including natural variability and complexity of the seascape in a 
coastal archipelago area. The specific aims were to asses 1) which variables are important for ecosystem 
functioning in the heterogeneous coastal zone, with special emphasis on the importance of the benthic 
macrofaunal communities, and 2) if the biodiversity-ecosystem function relationships are similar across 
different sediment types and vegetation cover. Sediment types from silt to coarse sand with varying 
vegetation cover were included in the study. As a measure of ecosystem functioning we used oxygen 
consumption and nutrient fluxes, since they represent the net effect of physical and biogeochemical 
processes that affect the solute exchange across the sediment-water interface. The biodiversity of the 
macrofaunal communities was described by species identity, number of species, abundance and biomass, as 
well as body size. Communities with higher abundance and number of species were predicted to occur in 
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coarser sediments and those with greater vegetation cover. Additionally, we predicted that the effects of the 
macrofauna on the solute fluxes would decrease along the sedimentary gradient from fine to coarser 
sediments, due to the physical advection effects being stronger in more permeable sediments (Mermillod-
Blondin and Rosenberg, 2006; Huettel et al., 2014). 
 
 
Methods 
 
Study area and sampling 
 
To investigate biodiversity-ecosystem functioning relationships across habitat-types we sampled benthic 
macrofauna and measured oxygen and nutrient fluxes at 18 sites (Fig. 1). The sites were chosen to 
encompass the natural variability of habitats in the complex archipelago area close to the Hanko-peninsula, 
Finland, northern Baltic Sea. The shallow coastal zone in this area is heterogeneous with a mosaic of islands 
forming a complex labyrinthine seascape of different habitats, from very exposed to very sheltered areas, 
with rocky habitats interspersed by sandy and muddy substrates, and varying types of aquatic 
macrovegetation. The water depths in the archipelago area are generally below 40 m, including also very 
shallow areas (<5 m), which are the most productive. The abundance of the soft-sediment macrofaunal 
communities is dominated by the polychaetes Hediste diversicolor, Marenzelleria spp. and Pygospio 
elegans, and the bivalves Macoma balthica and Cerastoderma glaucum, as well as the gastropods 
Hydrobiidae. Seasonality is a strong driver in the archipelago and the area is usually ice covered during 
winter time. 
 
The sampling sites were spread out over a distance of approximately 20 km, and encompassed 
a gradient of grain size and sediment organic matter content. The depth range was 1.7–3.9 m and the salinity 
was 5.1–5.7. The sampling occurred in late summer, 6 Aug–8 Sept 2014, at the peak of the productive season 
(authors’ unpublished data). At each site six intact sediment cores (internal diam. 8.4 cm, approximately 15 
cm deep + 15 cm of bottom water, approx. 830 ml + 830 ml) were collected along a 20 m transect using 
SCUBA-diving. Within each site the sediment cores were collected from different types of patches 
(bare/vegetated) in order to include the maximum within-site variation of vegetation cover. The habitat 
around every core was thoroughly characterized: surface sediment samples were collected with cut-off 
syringes (internal diam. 3.5 cm) around each core (0–0.5 cm analyzed for organic matter and chlorophyll a-
concentration (Chl a), and 0–3 cm analyzed for grain size). Each transect was filmed, to allow 
characterization of the vegetation (total cover, species-specific cover, maximum shoot height, distance to 
next patch, visible cover of microphytobenthos and drifting algae, amount of shell fragments on the sediment 
surface (classified 1–3)) over increasing spatial scales (0.25, 0.75, 1.25, 1.75, 2.25 m2) around each core. The 
oxygen concentration and temperature of the bottom water was measured in the field with an optical 
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dissolved oxygen meter (Ysi ProODO), whereas the salinity was measured in the laboratory with a 
conductivity meter (VWR EC300). 
 
Immediately after sampling the cores were taken into the laboratory. Five cores (n=5 for all 
sites except 1, 6 and 11, where n=4 and site 16, where n=3) were incubated for measurement of solute fluxes 
and from the sixth core a profile of porewater nutrient concentrations (1, 3, 5, 10 cm sediment depths) was 
extracted with rhizon porewater samplers. Incubation and flux measurements were performed in the 
laboratory under dark conditions at in situ temperatures. The cores were left for 1-h acclimatization prior to 
the 3-h incubations. The overlying water was exchanged with bottom water collected at the site before the 
start of every incubation, and to prevent disturbance of the sediment surface during the exchange of water a 
baffle was used. Overlying water in each core was manually stirred every 30 minutes during the incubation 
ensuring sufficient mixing while avoiding sediment resuspension in the finer sediments or inducing 
porewater advection in the coarser sediments. The oxygen concentration in the cores during all incubations 
always remained higher than 6 mg l-1. For estimation of the solute fluxes (O2, NO3− + NO2−, NH4+, PO43−, Si) 
water samples were taken at the start and the end of the incubations. Given the known water volume, surface 
area and incubation time, the solute fluxes were calculated and expressed in µmol m-2 h-1 and mg m-2 h-1. 
After the incubations the cores were sieved and the fauna preserved (0.5-mm sieve, 70% ethanol) to obtain 
core-specific benthic macrofauna data.  
 
Laboratory analyses 
 
Dissolved oxygen concentrations (mg l-1) were determined by the Winkler procedure. Water samples for 
analysis of nutrient concentrations were filtered (Whatman GF/F) and frozen until analysis. Nutrients in the 
water samples and the porewater samples, were analyzed with a nutrient auto analyzer (Thermo Scientific 
Aquakem 250; NO2- + NO3-, PO43-, Si) or manually (NH4+, Koroleff 1979).  
 
Samples for sediment characterization were frozen until further processing. The grain size 
samples were treated with hydrogen peroxide (H2O2, 6%) to dissolve organic material, then sieved on a wet 
column (63, 125, 250, 500, 1000, 2000 µm). Sediment for each grain size fraction was then dried, and the 
percentage of dry weight of each fraction calculated. Homogenized surface sediment (0–0.5 cm) was 
analyzed for organic matter content (OM) as loss on ignition (3 h at 500°C). Freeze-dried surface sediment 
was analyzed spectrophotometrically for chlorophyll a (Chl a) and phaeophytin content (extraction in 90% 
acetone).  
 
The macrofaunal samples were analyzed under the microscope to determine number of 
species (lowest taxonomic level possible, hereafter referred to as species), abundance, individual body size 
and biomass (blotted wet weight). The bivalves (Macoma balthica, Cerastoderma glaucum and Mya 
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arenaria), which dominate biomass, were split into large (>5 mm) and small (<5 mm) individuals to 
facilitate investigation of potential size-dependent effects on ecosystem functioning. After the fauna was 
sorted, the residual sample was sieved again through an 8-mm sieve to retain the larger items present in the 
cores for additional characterization of the sedimentary habitats. All items were sorted into roots (dead or 
alive roots and rhizomes, as well as other plant detritus), shells or pebbles and their volume quantified 
through liquid displacement. 
 
Statistical analyses 
 
We used multivariate statistics to explore our results. PCA-analysis (PRIMER v7) on the raw data of the 
grain size fractions was used to identify groups, and CLUSTER-analysis with SIMPROF-test was used to 
determine the appropriate split of the grain size data into groups (coarse, medium and fine sediment). To 
describe differences in the macrofauna communities (species abundance and biomass), we used non-metric 
multidimensional scaling (nMDS PRIMER v7, Clarke and Gorley, 2015), based on the Bray-Curtis 
similarity index. Dummy species were included in the analyses (added to all samples with the same value) to 
enable inclusion of one core without fauna (Clarke et al., 2014). Additionally, one-way permutational 
analysis of variances (PERMANOVA, PRIMER v7) and associated dispersion analysis (PERMDISP, 
PRIMER v7) were used to determine the significance of differences in community abundance and biomass 
between the sediment types, and SIMPER-analysis to further investigate the species defining differences 
between communities (i.e. which species are contributing to the between-group differences). Only 
macrofauna species present in more than 33% of the cores have been used in the statistical analyses, thus 
focusing on the most common species. PERMANOVA was also used to identify differences in the 
multivariate solute fluxes (O2, NH4+, PO43−, Si) between sites and between the sediment types, as well as to 
examine differences between the sediment types in the individual solute fluxes. NO2- + NO3- -fluxes were 
excluded from all analyses since most bottom-water concentrations were below the detection limits. Two-
way PERMANOVA was used to identify differences in the individual porewater concentrations (NO2- + 
NO3-, NH4+, PO43−, Si) between the sediment types, when also including the sediment depth. The interaction 
factor between sediment type and sediment depth was not significant for any solute profile, consequently 
only the significant differences between sediment types were reported.  
 
Distance-based linear models (DistLM in PERMANOVA+ for PRIMER v7, Anderson et al., 
2008) were used to examine the influence of environmental and biological variables on a multivariate 
measure of the solute fluxes across the sediment-water interface (i.e. our measure of ecosystem functioning). 
The solute fluxes were combined to a multivariate proxy for ecosystem functioning, because the individual 
solute fluxes are very spatially variable and affected differently by environmental and biological factors. This 
facilitates detection of robust biodiversity-ecosystem functioning relationships across the diverse set of 
environmental contexts investigated (Link et al., 2013; Villnäs et al., 2013; Norkko et al., 2015). DistLM is a 
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type of multiple linear regression model performed on multivariate response data in order to determine how 
much of the variation can be explained by predictor variables. We linked environmental and macrofaunal 
community data to the measured solute fluxes (O2, NH4+, PO43−, Si). The macrofaunal predictors were 
included in the analyses to account for faunal metabolism and bioturbation effects on the solute fluxes.  
 
In total, four sets of DistLM-analyses were conducted, one for the whole gradient (i), and one 
for each sediment type (ii-iv, i.e. the groups based on the cluster analysis described above). One core from 
site 13 was not clustered into any sediment group and consequently this core is only included in analyses 
with all cores. Environmental predictors included in all analyses (i–iv) were depth, temperature, OM, roots, 
pebbles (>8 mm), dead shells in the sediment, and cover of vegetation, microphytobenthos and drifting algae. 
Additionally, median grain size (D50) was included in the analysis of all cores (i). Prior to statistical 
analysis, the roots, pebbles and shells in the sediments were standardized in relation to the volume of 
sediment in the individual cores. The macrofaunal community data included was total number of species 
present in each core, and species abundance and biomass of the species present in more than 33% of the 
cores within each group. Bottom-water oxygen concentration and salinity were not included since they were 
considered to be within the same range in all groups. Collinearity between the predictors were assessed 
through Pearson’s correlations and Chl a was not included due to strong correlation with OM (r2 = 0.91). The 
distribution of all variables was examined and if needed, transformed prior to each analysis (transformations 
used were log10(x+1) and square-root). 
 
Flux data (NH4+, PO43-, Si, O2) were normalized to ensure equal importance of all fluxes (by 
subtracting the mean and dividing by the standard deviation for each variable) before resemblance matrices 
based on between-sample similarities of Euclidean distances were created. An AICc stopping criterion and 
step-wise selection were used to determine the relative importance of predictors. The marginal test indicates 
the proportion of the variation the predictor accounts for alone, while the results from the sequential test 
indicate the proportion added by the predictor to the cumulative total proportion explained. 
 
 
Results 
 
Sedimentary environment 
 
The sites were on a gradient of grain size, the range of median grain size (D50) was 21–845 µm with a mean 
of 275 µm and the range of organic matter content (OM) was 0.2–16.8% with a mean of 2.2% (Table 1). 
Based on a cluster analysis on the different grain size fractions followed by a PCA we identified three 
distinctive groups; coarse, medium and fine sediments, corresponding to coarse to fine sand, fine to very fine 
sand, and silt on the Wentworth scale (Wentworth, 1922, Fig. 2). The average D50-values for the coarse, 
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medium and fine sediments were 400, 150 and 40 µm, respectively (Table 1). The average OM content and 
Chl a in the top 0.5 cm surface sediment was as expected lower in the coarse (0.7% and 18 µg g-1 sed., 
respectively) and medium sediments (0.8% and 15 µg g-1 sed.) than in the fine sediments (7% and 40 µg g-1 
sed.), while the ranges in depth, and bottom-water temperature, salinity and oxygen concentrations were 
similar in all groups.  
 
Biological communities 
 
In total 16 benthic macrofauna species/taxa were observed, with a mean of 6 species in each core. The range 
of average total abundance at the sites was 1 900–16 000 ind. m-2 (Appendix 1), and for average total 
biomass 7–1 200 g wwt m-2 (Appendix 2). The dominant taxa in terms of abundance were Hydrobiidae, M. 
balthica, Oligochaeta, Marenzelleria spp. and H. diversicolor (together representing on average 80% of total 
abundance in each sample), while biomass was dominated by M. balthica, Cerastoderma glaucum, Mya 
arenaria, H. diversicolor and Marenzelleria spp. (together representing on average 80% of total biomass in 
each sample). The distribution of Mya arenaria is highly stochastic and in our data M. arenaria was only 
observed in a few samples within the coarse-sediment group (Table 1). Therefore, even if it can dominate the 
biomass when present, it was excluded from the statistical analyses. Hereafter, only results including the 
abundance and biomass of the most common species are presented (9 species that were present in more than 
33% of the cores).  
 
The macrofauna community structures were significantly different between the sediment types 
(PERMANOVA: species abundance F = 7.24, p = 0.0001; species biomass F = 3.59, p = 0.0009, MDS Fig. 
3, Appendix 3), the variability within the groups was however similar (PERMDISP p > 0.05). The averages 
of the core-specific total abundances were 11 000, 6 700 and 3 600 ind. m-2 in the coarse, medium and fine 
groups respectively (Table 1). Regarding biomass, the same patterns were observed with averages of 131, 
103 and 35 g wwt m-2, respectively (Table 1). The average number of species observed in the cores 
decreased towards the finer sediments (coarse 7, medium 5 and fine 4, Table 1). Macrofauna community 
structure in the coarse group differed from the communities in the medium sediments (PERMANOVA 
pairwise test: abundance, average dissimilarity 61%, t = 2.39, p = 0.0003, biomass n.s., Appendix 3) and the 
communities in the fine sediments (PERMANOVA pairwise test: abundance, average dissimilarity 67%, t = 
3.46, p = 0.0001, biomass: average dissimilarity 81%, t = 2.54, p = 0.0002), and the communities in the 
medium sediments differed from the communities in fine sediments (PERMANOVA pairwise test: 
abundance n.s., biomass: average dissimilarity 82%, t = 1.63, p = 0.025). Almost all species were present in 
all the different groups, but the numbers of individuals and the species biomass were generally higher in the 
coarse group. The taxa contributing most to the inter-group differences were Hydrobiidae (Gastropoda), the 
bivalve Macoma balthica, oligochaetes, as well as the polychaetes Marenzelleria spp. and Hediste 
diversicolor (SIMPER-analysis, Appendix 4 and 5). All species’ abundance and biomass were highest in the 
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coarse sediments and second highest in the medium sediments, except for the average abundance and 
biomass of M. balthica that were highest in medium sediments, and the biomass of H. diversicolor that was 
highest in the fine sediments.  
 
At every site samples were collected from bare sediment patches as well as from patches with 
different vegetation cover, which means that zero-values of vegetation cover were obtained from all sites, but 
overall there was denser vegetation in the coarse and medium sediment-groups (Table 1). All observed 
species of macrovegetation occurred in the coarse and medium sediments, except for Zostera marina that 
only occurred in the coarse sediments. Sparsely distributed Stuckenia pectinata, Potamogeton perfoliatus and 
Myriophyllum spp. were characteristic for the fine sediments.  
 
Ecosystem functioning 
 
Ecosystem functioning was defined as a multivariate measure of oxygen and nutrient fluxes across the 
sediment-water interface. This multivariate measure was very variable along the gradient (PERMDISP p > 
0.05, PERMANOVA: overall multivariate differences between sites F = 2.63, p = 0.0009, Appendix 6), but 
there were, however, no significant multivariate differences in the solute fluxes between the three sediment 
types, due to large variation within all sediment groups (PERMDISP p > 0.05, PERMANOVA: F = 2.19, p = 
0.063, Appendix 7). Separately, the phosphate and oxygen fluxes were the only fluxes to show significant 
differences between the sediment types (Fig. 4). The phosphate flux was higher in the medium and fine 
sediments than in the coarse sediments, while the oxygen flux was higher in the fine than in the coarse 
sediments (PERMANOVA: PO43−-flux: overall F = 5.6, p = 0.007, pairwise-test coarse–medium t = 3.39, p = 
0.002, coarse–fine t = 2.65, p = 0.011, O2-flux: overall F = 2.5, p = 0.09, pairwise-test coarse–fine t = 2.03, p 
= 0.049, Appendix 7). NO2- + NO3- -concentrations in the bottom water were extremely low (Appendix 8) 
and mostly under the detection limit, therefore the NO2- + NO3--fluxes were excluded from all data analyses. 
The porewater profiles were also variable between sites, but the mean solute concentrations were generally 
higher in the fine sediments. Significant differences between the sediment types were, however, only 
observed in the porewater concentrations of phosphate and silicate; the concentrations increased from the 
coarse, to the medium and to the fine sediments (PERMANOVA: PO43−: overall F = 33.3, p = 0.0001, 
pairwise-test coarse–fine t = 8.02, p = 0.0001, coarse–medium t = 2.46, p = 0.020, medium–fine t = 3.16, p = 
0.005, Si: overall F = 27.0, p = 0.0001, pairwise-test coarse–fine sediments t = 7.16, p = 0.0001, coarse–
medium t = 2.30, p = 0.023, medium–fine t = 2.95, p = 0.007; Appendix 9). 
 
To assess the importance of different types of factors (abiotic vs. biotic) for ecosystem 
functioning, we linked variables describing the environment and macrofauna communities with the measured 
multivariate solute fluxes, (i) on a larger scale, over the whole sampled archipelago, as well as in (ii–iv) the 
three different sediment types (Table 2). On the archipelago scale (i), a total of 45% of the total variation in 
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multivariate solute fluxes could be explained; 3 species of  macrofauna accounted cumulatively for 25% of 
the total variation explained, while environmental variables cumulatively added another 20% (Table 2i and 
Fig. 5). The macrofauna species contributing to the cumulative explanation were the biomass of H. 
diversicolor (21%) and small C. glaucum (2%), as well as the abundance of large M. balthica (2%). The 
most important environmental variables adding to the cumulative explanation were temperature (6%), roots 
(5%), OM-content (5%), and vegetation cover around the core (3%).  
 
In order to investigate the important drivers of ecosystem functioning in different habitats, we 
did the same analysis, but on the data split into the three sediment groups (Table 2ii-iv). With this split a 
higher proportion of the total variance could be explained, also highlighting distinct differences between the 
sediment types. In the coarse sediments (ii) the included variables explained a total of 52% of the variation in 
the multivariate solute fluxes, and the amount of roots alone explained 23% of the total variation. Depth and 
vegetation cover added 7% and 4%, respectively, while the rest of the variation explained (19%) was 
accounted for by the benthic macrofauna. The contributing fauna were the biomass of H. diversicolor and 
Marenzelleria spp., and the abundance of small M. balthica. In the medium sediments (iii) only fauna was 
chosen into the model; abundance of H. diversicolor and small M. balthica, explaining a total of 69% of the 
variation in the multivariate solute fluxes. In the fine sediments (iv) a total of 76% of the variation was 
explained; fauna cumulatively accounted for 51% of the total variation explained, while the rest was 
explained by the cover of microphytobenthos around the core (25%). The faunal variables contributing to the 
explanation was the biomass of H. diversicolor and Hydrobiidae.  
 
Including environmental variables of different scales around the cores (cover of vegetation, 
microphytobenthos, drifting algae, and shell fragments on the sediment surface within 0.75, 1.25, 1.75, 2.25 
m2 around each core) did not add explanatory power. Consequently, only the results of analyses including the 
scale of 0.25 m2 have been presented. 
 
 
Discussion 
 
We investigated the variability of ecosystem functioning in relation to environmental and biological drivers 
across natural habitats in a complex and heterogeneous coastal area. A broad gradient of sediment grain size 
and organic matter content was encompassed, as well as the variable macrovegetation present in the habitats 
(patchiness and species composition). The resident macrofaunal communities changed, as expected, along 
the grain size gradient, with richer communities (higher abundance, biomass and number of species) in the 
coarser sediments with lower organic matter content and with higher vegetation cover (Table 1). The 
macrofaunal communities, and especially a few key species had a large impact on the nutrient transformation 
and retention processes (Table 2). Across all sediment types, the macrofauna accounted for 25% of the 
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variability in the solute fluxes; within sediment types, it accounted for up to 69%. These results support the 
general consensus that benthic macrofauna is important for ecosystem functioning, especially the 
mineralization processes at the sediment-water interface through their role as ecosystem engineers. Our 
results also, however, highlight the large context-dependence and complex relationships between ecosystem 
functioning and biodiversity prevailing in nature. A majority of the BEF studies to date, have been short-
term and small-scale experiments conducted under highly controlled conditions with artificial macrofauna 
communities, consequently omitting the natural variability and spatial heterogeneity, which clearly play an 
important role in modifying BEF relationships. The quest for mechanistic insight has come at the expense of 
realism, which further emphasizes the importance of field studies like this one (Bulling et al., 2008; 
Snelgrove et al., 2014). 
 
While we found that benthic macrofaunal communities were significantly different between 
the sediment types, somewhat surprisingly, no differences in our measure of ecosystem functioning 
(multivariate solute fluxes) could be observed between the sediment types. This was likely due to the fact 
that only oxygen consumption and phosphate effluxes were significantly higher in the fine sediments, while 
the other solute fluxes were highly variable within all groups. The higher levels of organic matter content in 
the fine sediments likely contributed to higher oxygen consumption in the fine sediments (Glud, 2008; Aller, 
2014). Furthermore, the lack of natural water currents during chamber incubations may have caused an 
underestimation of oxygen uptake in the coarser sediments (McGinnis et al., 2014). The significantly higher 
phosphate concentration in the porewater of the fine sediments mirrors the higher effluxes in this sediment 
type. The lack of significant differences in the multivariate solute fluxes between the groups, may also partly 
be due to sampling effects, as coring inevitably disturbs the chemical gradients around the core edges to 
some extent. Careful coring by SCUBA has, however, been shown to cause less disturbance than surface-
based gravity coring (Mogg et al., 2017). Additionally, it also shows that it is not grain size alone that 
determines the fluxes at the sediment-water interface.  
 
When examining the important faunal predictors for multivariate solute fluxes (ecosystem 
function) we found that the abundant polychaete Hediste diversicolor played a central role, together with the 
bivalves Macoma balthica and Cerastoderma glaucum. H. diversicolor is a gallery diffusor that has been 
described as a carnivore and a scavenger, and being able to switch between suspension and surface-deposit 
feeding modes depending on the conditions (Riisgård and Kamermans, 2001). M. balthica is a biodiffusor 
that also has been observed to switch between suspension and deposit feeding (Riisgård and Kamermans 
2001), whereas C. glaucum is a filtering biodiffusor mostly located in the surface sediments (Urban-Malinga 
et al., 2014). Especially, H. diversicolor is an active bioirrigator and an efficient particle reworker with 
impacts on the biogeochemical processes and conditions within the sediments (e.g. Christensen et al., 2000; 
Hedman et al., 2011; Urban-Malinga et al., 2014). The environmental variables included in the model were 
the amount of root structures, OM and vegetation cover, as well as temperature. Temperature and organic 
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matter directly affect the microbial processes and the faunal activity, and therefore also the solute fluxes. 
Additionally, the organic matter content contributes to the pool of raw material for mineralization processes 
in the sediments (Moodley et al., 2005). The amount of root structures and macrovegetation may, however, 
have complex effects, both direct and indirect, on the nutrient dynamics. While not accounted for here, their 
nutrient uptake and oxygenation of both bottom water and sediments naturally have direct impact on nutrient 
recycling processes (Caffrey and Kemp, 1991), as also demonstrated in the same area by Gustafsson and 
Norkko (2016). The above ground structures, in turn, enhance the entrapment of suspended particles, which 
consequently increases the organic matter input in vegetated habitats (Fonseca and Fisher, 1986; Meadows et 
al., 2012). The vegetation also affects the structure of the benthic macrofauna communities, by, for example, 
providing shelter and trapping suspended particles which, together, with enhanced decay of plant detritus, 
contributes to a more abundant and stable food source for the macrofauna (Castel et al., 1989; Reise, 2002; 
Bernard et al., 2014). Additionally, the bioturbation activities of the macrofauna have been shown to be 
lower in vegetated habitats, for example due to sediment compaction or below-ground structures, such as 
roots and rhizomes limiting the movement of large bioturbators (e.g. Berkenbusch et al., 2007; Bernard et al., 
2014). 
 
Ecosystem functioning is thus affected by many environmental and biological properties, but 
the relationship between biodiversity and ecosystem functioning is mediated by the habitat. Our results 
suggest that specific environmental properties are affecting the functioning more in the coarse sediments, 
whereas certain benthic macrofauna species are more important drivers in the medium and fine sediments 
(Table 2ii–iv). These results fit well in with the hypotheses that the bioturbation activities of the benthic 
macrofauna have large effects on the microbial-driven biogeochemical processes in diffusive-dominated 
sediments, whereas the natural physical water flow masks the faunal effects in more advection-dominated 
sediments (e.g. Kristensen and Kostka, 2005; Mermillod-Blondin and Rosenberg, 2006; Braeckman et al., 
2014; Huettel et al., 2014). These relationships may, however, be further complicated by other environmental 
properties in addition to grain size. In the coarse sediments, for example, the amount of roots, rhizomes, and 
plant parts accounted for a large part of the variation explained in the solute fluxes, and the same factors 
were also important predictors of bioturbation metrics measured concurrently at the same sites (Unpublished 
manuscript: Bernard G, Gammal J., Järnström M., Norkko J., Norkko A.). This may suggest that the roots, in 
addition to direct effects, had indirect effects on the solute fluxes through for example spatially restricting the 
macrofaunal activities (Bernard et al., 2014). The included variables, however, explained less of the variance 
in the coarse sediments compared to medium and fine sediments, likely due to the lack of consideration of 
natural water currents and waves, and thus advective pore-water flow which influence solute fluxes in 
natural sediments (e.g. Janssen et al. 2005).  
 
In our system, biomass and abundance of only a few of the dominant species contributed to 
the best models; these were principally the key bioturbation species that are widely distributed in all shallow 
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habitats. The same major species were thus important for the measured ecosystem functioning both on a 
larger scale across all sites and in the investigated sediment types, while the number of species did not add 
any explanatory power. Earlier research has commonly focused on the role of species richness for ecosystem 
functioning, but with varying results and it has often been difficult to capture the key properties of 
biodiversity affecting ecosystem functioning (Stachowicz et al., 2007; Reiss et al., 2009). Therefore, it has 
been hypothesized that species identity can be central for ecosystem functioning and that dominance of some 
key species may be very important (Chapin III et al., 1997; Emmerson et al., 2001; Pratt et al., 2014; Lohrer 
et al., 2015), especially in species-poor systems like the Baltic Sea (Norkko et al., 2013; Norkko et al., 2015). 
Species are also commonly grouped together or characterized according to their biological or functional 
traits, to better describe their role for the ecosystem functioning (Villnäs et al., 2017). For example, a recent 
study exploring intra-specific variation in size structure and its potential role in ecosystem function, 
demonstrated that large bivalves completely dominated solute fluxes (Norkko et al., 2013). Individual size 
and distribution of large species in the community has, indeed, been suggested as a key variable influencing 
ecosystem functioning (Solan et al., 2004; Thrush et al., 2006). In the present study, we had to exclude the 
large bivalve-species Mya arenaria from the statistical analyses due to its stochastic distribution, 
consequently we may have lost some faunal influence on the ecosystem functioning. The abundance or 
biomass of the bivalve was, however, not significant even in a model based on only samples containing M. 
arenaria, which suggested that the exclusion of the few bivalves has not markedly affected the results in this 
particular study. Furthermore, there is evidence suggesting that one species or trait can play different roles in 
different habitats (Riisgård and Kamermans, 2001; Mermillod-Blondin and Rosenberg, 2006; Needham et 
al., 2011), and their impact on ecosystem functioning might thus not be consistent. Additionally, recent 
research has shown that many different measures of biodiversity (e.g. community abundance, functional 
richness but also distribution of specific species) may be needed if we want to be able to predict ecosystem 
functioning and the natural multifunctionality of ecosystems, especially since the relationships may also 
change with altered environmental conditions (Thrush et al., 2017). 
 
Marine ecosystems and their functioning vary between regions (e.g. Norkko et al., 2015; 
Bourgeois et al., 2017), habitat types (Needham et al., 2011; Braeckman et al., 2014; Attard et al., 2015), and 
seasons (Bourgeois et al., 2017; Kauppi et al., 2017), as well as with changing environmental conditions due 
to anthropogenic disturbance (e.g. climate change, sedimentation, eutrophication and hypoxia, Lohrer et al., 
2004; Norkko et al., 2015; Gammal et al., 2017), which makes it difficult to generalize and predict 
ecosystem function in nature. One way of increasing the understanding of the natural variability is to sample 
along environmental gradients (Hewitt et al., 2007; Snelgrove et al., 2014), since these studies, even though 
observational, enhance our knowledge of the complex links and feedbacks in natural ecosystems. Gradient 
studies in soil ecosystems have, for example, resulted in valuable knowledge regarding environmental factors 
structuring the soil communities. This has enhanced the understanding of responses of soil communities to 
for example climate change, e.g. altered soil water availability, and the potential consequences for 
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decomposition and nutrient recycling processes in soil systems (Virginia and Wall, 1999; Poage et al., 2008; 
Wall et al., 2008; Sylvain et al., 2014). The wide grain size gradient we sampled gave us an opportunity to 
quantify the variability in environmental conditions, biodiversity, ecosystem functioning and their 
relationships in a diverse set of habitats. In this system, a few abundant macrofauna species were important 
along the whole gradient and in the investigated sediment types, but with varying explanatory power in the 
different environments. Even though there was lower abundance, biomass and number of species in the 
medium and fine sediments, the same species had a significant influence on the solute fluxes, which suggests 
that predicting the functioning in different habitats directly based on the amount of fauna or specific traits 
expressed may not be expedient; consideration of environmental context will be equally important. The 
variability in environmental context (i.e. grain size, OM and vegetation) and benthic macrofauna 
communities is a challenging aspect when trying to understand and model the links and feedbacks that 
underpin ecosystem functioning and consequently the ecosystem services we rely on. It is thus important for 
future research to further clarify biodiversity and ecosystem functioning relationships at different spatial and 
temporal scales in different environments, while accounting for different descriptors of biodiversity, if we 
are going to be able to predict the consequences of the environmental changes and implement insightful 
management strategies.  
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Table 1. Environmental and habitat characteristics, min–max (mean), within the sediment types (coarse n = 
51, medium n = 14, fine sediments n = 19). 
 Coarse sediment Medium sediment Fine sediment 
D50 (µm) 198–845 (400) 116–168 (150) 21–79 (40) 
Depth (m) 1.7–3.8 (2.8) 2.5–3.9 (3.0) 2.2–2.7 (2.4) 
Temperature (°C) 14–23 (17) 15–22 (20) 14–22 (17) 
Oxygen conc. at bottom (mg l-1) 7.0–10.0 (9) 8.6–10.2 (9) 8.2–10.2 (9) 
Salinity 5.1–5.7 (5.4) 5.1–5.6 (5.3) 5.1–5.6 (5.3) 
OM (%) 0.2–2% (0.7%) 0.5–3% (0.8%) 3–17% (7%) 
Chl a (µg g-1 sediment) 3–41 (18) 10–21 (15) 14–138 (40) 
Total abundance (ind. m-2) 1600–25000 (11000)* 1300–30000 (6700) 0–9400 (3600) 
Total biomass (g wwt m-2) 12–590 (131)* 1.5–350 (103) 0–170 (35) 
Species richness 4–12 (7) 1–9 (5) 0–6 (4) 
Vegetation cover (%) 0–80% (23%) 0.5–55% (18%) 0–15% (3%) 
Microphytobenthos cover (%) – – 0–90% (51%) 
Vegetation species cover (%)    
Zostera marina 0–80% (10%) – – 
Zannichellia lacustris 0–70% (3%) 0–1% (0.3%) – 
Stuckenia pectinata 0–30% (1%) 0–30% (6%) 0–15% (1%) 
Potamogeton perfoliatus 0–40% (7%) 0–25% (8%) 0–10% (1%) 
Myriophyllum spp. 0–15% (1%) 0–22% (3%) 0–2% (0.3%) 
*Including the stochastically distributed bivalve Mya arenaria, the values for abundance are 1800–25000 
(11000) and for biomass 12–3000 (345). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Distance-based Linear Model results between environmental and biological predictors and the 
combined solute fluxes as a measure of ecosystem functioning for i) all cores (n = 85), ii) coarse sediments 
(n = 51), iii) medium sediments (n = 14) and iv) fine sediments (n = 19). Marginal tests indicate the 
proportion of variation explained by predictors when fitted individually, while the sequential tests indicate 
the proportion of variation explained by the predictors when fitted sequentially. 
 
  Marginal test Sequential test 
Cumulative proportion 
explained 
i) All cores    
 Biomass  H. diversicolor 0.205*** 0.205*** 0.205 
 Temperature 0.049* 0.059** 0.263 
 Roots 0.056* 0.046** 0.309 
 OM 0.038* 0.046** 0.355 
 Vegetation cover 0.020 0.031* 0.386 
 Biomass of small C. glaucum 0.019 0.023* 0.409 
 Abundance of large  M. balthica 0.017 0.021* 0.430 
 Drifting algae 0.011 0.020 0.450 
     
ii) Coarse sediment    
 Roots 0.224*** 0.224*** 0.224 
 Biomass H. diversicolor 0.128*** 0.121*** 0.345 
 Depth 0.054 0.064** 0.409 
 Vegetation cover 0.059* 0.043* 0.452 
 Abundance of small M. balthica 0.007 0.035* 0.487 
 Biomass Marenzelleria spp. 0.006 0.029 0.516 
     
iii) Medium sediment    
 Abundance H. diversicolor 0.508*** 0.508*** 0.508 
 Abundance of small M. balthica 0.042 0.178** 0.686 
     
iv) Fine sediment    
 Biomass H. diversicolor 0.436*** 0.436*** 0.436 
 Microphytobenthos cover 0.251*** 0.251*** 0.688 
 Biomass Hydrobiidae 0.075** 0.075** 0.762 
***p < 0.001, **p < 0.01, *p < 0.05 
 
 
 Figure 1. The 18 sampling sites in the Hanko archipelago, western Gulf of Finland (map layers: HELCOM). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. PCA-analysis illustrating the split into sediment types based on cluster analysis of the grain size 
fractions (coarse n = 51, medium n = 14 and fine sediment n = 19). 
 
 
 
 
 Figure 3. nMDS-plots of untransformed macrofauna community abundance and biomass (based on Bray-
Curtis similarity) with the different sediment types indicated. 
 
 
 Figure 4. Mean fluxes (+SE) of A) O2, B) NH4+, C) PO43-, D) Si in the sediment types. All fluxes are in µmol 
m-2 h-1 except O2 in mg m-2 h-1. The significant between-group differences (PERMANOVA) are indicated (* 
p<0.05). 
 
 
 
 
 
 
 
 
 Figure 5. Illustration by dbRDA of the relationships between the modeled predictors and the multivariate 
solute fluxes from the DistLM-analysis of all cores (n = 85). The closer the samples are together, the more 
similar are their fluxes and the vectors indicate the direction and importance of the predictors for the solute 
fluxes on the two axes. The different symbols indicate to which sediment type the cores belong. 
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Appendix 1. Average (± SD) abundance (ind. m-2) at the sampling sites of the species/taxa present (n = 5 for all sites, except 1, 6 and 11, were n = 4 and site 16, where n = 3). 
Taxa included in Others are Mya arenaria, Chironomidae, Mytilus edulis, Theodoxus fluviatilis, Bathyporeia pilosa, Corophium volutator and Limapontia capitata. Taxonomic 
class: B Bivalvia, P Polychaeta, G Gastropoda, O Subclass Oligochaeta, N Phylum Nemertea. 
 
Site 
Macoma 
balthica 
Cerastoderma 
glaucum 
Marenzelleria 
spp. 
Hediste 
diversicolor 
Pygospio 
elegans 
Manayunkia 
aestuarina 
Hydrobiidae Olighochaeta 
Cyanophthalma 
obscura 
Others Total abundance 
 B B P P P P G O N   
1 496 ± 400 45 ± 90 496 ± 308 45 ± 90 0 ± 0 181 ± 147 677 ± 271 45 ± 90 45 ± 90 45 ± 90 2076 ± 617 
2 469 ± 328 830 ±658 614 ± 374 397 ± 391 144 ± 81 0 ± 0 6498 ± 2174 830 ± 520 144 ± 235 253 ± 206 10180 ± 2383 
3 1408 ± 1802 325 ± 297 469 ± 328 144 ± 151 0 ± 0 217 ± 323 2635 ± 871 253 ± 242 0 ± 0 144 ± 235 5596 ± 3039 
4 2491 ± 1108 0 ± 0 36 ± 81 72 ± 99 0 ± 0 181 ± 313 1913 ± 977 866 ± 467 0 ± 0 72 ± 99 5632 ± 2281 
5 3791 ± 1977 397 ± 412 433 ±374 686 ± 412 1661 ± 2149 325 ± 630 2888 ± 3981 4765 ± 2278 578 ± 590 253 ± 352 15776 ± 8401 
6 2166 ± 2211 406 ± 697 1038 ±713 271 ± 104 0 ± 0 90 ± 181 6137 ± 4009 993 ± 699 316 ± 173 90 ± 104 11507 ± 8188 
7 1841 ± 449 866 ± 841 794 ± 302 217 ± 151 866 ± 604 0 ± 0 1011 ± 960 1155 ± 1459 325 ± 449 397 ± 323 7473 ± 926 
8 975 ± 374 469 ± 302 686 ± 247 0 ± 0 325 ± 391 0 ± 0 10578 ± 2220 578 ± 656 433 ± 328 36 ± 81 14079 ± 2740 
9 614 ± 302 72 ± 99 144 ± 151 181 ± 181 0 ± 0 0 ± 0 1083 ± 972 0 ± 0 181 ± 313 36 ± 81 2310 ± 1383 
10 6967 ± 3182 253 ± 374 325 ± 235 181 ± 221 36 ± 81 36 ± 81 3032 ± 2636 1119 ± 562 108 ± 242 181 ± 313 12238 ± 6032 
11 1083 ± 1113 45 ± 90 1489 ± 948 406 ± 90 1715 ± 1088 226 ± 173 1264 ± 780 2031 ± 1056 135 ± 90 0 ± 0 8393 ± 2755 
12 1625 ± 338 505 ± 198 722 ± 383 722 ± 404 1119 ± 811 433 ± 206 3971 ± 3333 2130 ± 501 144 ± 151 108 ± 242 11480 ± 4751 
13 3430 ± 2588 433 ± 471 542 ± 460 361 ± 423 2419 ± 1739 36 ± 81 2852 ± 2423 2094 ± 1852 217 ± 297 144 ± 198 12527 ± 8324 
14 1336 ± 813 0 ± 0 217 ± 151 1191 ± 646 0 ± 0 144 ± 198 1949 ± 1784 939 ± 1048 144 ± 235 217 ± 198 6137 ± 3170 
15 939 ± 1108 397 ± 888 0 ± 0 72 ± 99 0 ± 0 144 ± 235 253 ± 352 0 ± 0 72 ± 161 36 ± 81 1913 ± 1324 
16 2467 ± 1677 120 ± 202 602 ± 276 181 ± 181 0 ± 0 60 ± 104 4813 ± 1355 181 ± 181 0 ± 0 0 ± 0 8424 ± 1160 
17 5523 ± 4525 108 ± 161 289 ± 302 289 ± 206 36 ± 81 397 ± 692 4621 ± 3548 1877 ± 2172 72 ± 99 108 ± 242 13321 ± 10583 
18 2166 ± 1915 72 ± 99 72 ± 161 253 ± 206 0 ± 0 0 ± 0 1733 ± 1390 0 ± 0 0 ± 0 72 ± 99 4368 ± 3120 
 
 
 
 
 
 
 
 
 
 
 
Appendix 2. Average (± SD) biomass (g wwt m-2) at the sampling sites of the species/taxa present (n = 5 for all sites, except 1, 6 and 11, were n = 4 and site 16, where n = 3). 
Taxa included in Others are Mya arenaria, Chironomidae, Mytilus edulis, Theodoxus fluviatilis, Bathyporeia pilosa, Corophium volutator and Limapontia capitata. Taxonomic 
class: B Bivalvia, P Polychaeta, G Gastropoda, O Subclass Oligochaeta, N Phylum Nemertea. 
 
Site 
Macoma 
balthica 
Cerastoderma 
glaucum 
Marenzelleria 
spp. 
Hediste 
diversicolor 
Pygospio 
elegans 
Manayunkia 
aestuarina 
Hydrobiidae Olighochaeta 
Cyanophthalma 
obscura 
Others 
Total 
biomass 
 B B P P P P G O N   
1 91 ± 106 <0.1 ± <0.1 4 ± 4 0.5 ± 1 0 ± 0 0 ± 0 2 ± 0.4 0 ± 0 0 ± 0 0 ± 0 97 ± 106 
2 47 ± 58 114 ± 254 16 ± 21 4 ± 5 0 ± 0 0 ± 0 14 ± 10 0.3 ± 0.5 0.1 ± 0.2 358 ± 795 554 ± 733 
3 41 ± 48 8 ± 18 11 ± 8 3 ± 5 <0.1 ± <0.1 0.4 ± 0.8 8 ± 3 <0.1 ± <0.1 0 ± 0 <0.1 ± 0.1 71 ± 49 
4 21 ± 28 0 ± 0 0.1 ± 0.3 30 ± 47 0 ± 0 0 ± 0 5 ± 2 0.1 ± 0.2 0 ± 0 <0.1 ± 0.1 56 ± 68 
5 60 ± 83 22 ± 49 7 ± 8 19 ± 18 1 ± 1 0 ± 0 9 ± 11 1 ± 0.7 0.9 ± 0.8 0.2 ± 0.4 119 ± 98 
6 151 ± 152 20 ± 40 28 ± 22 9 ± 7 0 ± 0 0 ± 0 16 ± 9 0.3 ± 0.4 0.1 ± <0.1 5 ± 10 231 ± 198 
7 101 ± 117 0.6 ± 0.6 6 ± 8 7 ± 14 0.2 ± 0.2 0 ± 0 1 ± 1 0.1 ± 0.3 <0.1 ± 0.2 0.4 ± 0.5 117 ± 116 
8 20 ± 27 2 ± 1 11 ± 11 0 ± 0 <0.1 ± <0.1 0 ± 0 14 ± 4 0.3 ± 0.4 0.4 ± 0.5 0 ± 0 48 ± 26 
9 28 ± 38 0 ± 0 2 ± 4 6 ± 8 0 ± 0 0 ± 0 2 ± 2 0 ± 0 0.1 ± 0.2 0 ± 0 37 ± 37 
10 88 ± 107 2 ± 2 3 ± 3 3 ± 4 0 ± 0 0 ± 0 7 ± 7 0.3 ± 0.4 <0.1 ± 0.2 405 ± 906 509 ± 1020 
11 79 ± 96 0.3 ± 0.6 28 ± 17 5 ± 5 0.4 ± 0.2 0 ± 0 6 ± 3 0.6 ± 0.4 0.1 ± 0.1 0 ± 0 119 ± 103 
12 106 ± 89 23 ± 35 9 ± 10 39 ± 37 0.2 ± 0.1 <0.1 ± <0.1 8 ± 8 1 ± 1 0.2 ± 0.3 0.3 ± 0.6 187 ± 29 
13 83 ± 85 34 ± 75 11 ± 16 9 ± 10 0.3 ± 0.5 0 ± 0 6 ± 5 0.7 ± 0.8 0.1 ± 0.3 260 ± 424 403 ± 455 
14 31 ± 68 0 ± 0 16 ±16 8 ± 6 0 ± 0 0 ± 0 5 ± 4 <0.1 ± 0.2 <0.1 ± 0.1 1157 ± 1585 1217 ± 1569 
15 0.3 ± 0.3 0.2 ± 0.5 0 ± 0 6 ± 13 0 ± 0 0 ± <0.1 0.5 ± 0.9 0 ± 0 <0.1 ± 0.2 0.2 ± 0.4 7 ± 13 
16 80 ± 137 1 ± 2 9 ± 6 0.3 ± 0 0 ± 0 0 ± 0 6 ± 4 <0.1 ± <0.1 0 ± 0 0 ± 0 96 ± 128 
17 151 ± 127 1 ± 2 8 ± 11 13 ± 16 <0.1 ± <0.1 <0.1 ± 0.1 7 ± 5 0.4 ± 0.5 <0.1 ± <0.1 <0.1 ± <0.1 180 ± 120 
18 16 ± 22 0.1 ± 0.3 5 ± 11 9 ± 12 0 ± 0 0 ± 0 2 ± 2 0 ± 0 0 ± 0 0 ± 0 32 ± 24 
  
Appendix 3. PERMANOVA table showing differences in abundance and biomass between the three sediment types 
(coarse, medium and fine sediments). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abundance df SS MS Pseudo-F P(perm) 
Sediment type 2 22905 11452 7.2405 0.0001 
Residuals 81 1.2812E+05 1581.7   
Total 83 1.5102E+05    
Pair-wise test t p (perm)    
medium, coarse 2.3858 0.0003    
medium, fine 1.0923 0.2987    
coarse, fine 3.4585 0.0001    
Biomass df SS MS Pseudo-F P(perm) 
Sediment type 2 19428 9713.9 3.5911 0.0009 
Residuals 81 2.1911E+05 2705   
Total 83 2.3853E+05    
Pair-wise test t P(perm)    
medium, coarse 0.97651 0.41    
medium, fine 1.6288 0.0246    
coarse, fine 2.5418 0.0002    
  
Appendix 4. SIMPER analysis identifying the percent contribution of each species to the Bray Curtis dissimilarity of 
untransformed community abundance between the sediment types (coarse, medium and fine sediments). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coarse - Medium 
Average dissimilarity = 61.18 
 Average abundance  
Species Coarse Medium Contribution % 
Hydrobiidae 4169.31 2462.60 33.49 
M. balthica 2431.51 2552.86 24.37 
Oligochaeta 1599.77 683.34 15.85 
P. elegans 743.26 12.89 7.06 
Marenzelleria spp. 654.77 361.01 5.28 
H. diversicolor 435.34 154.72 4.63 
C. glaucum 410.56 167.61 4.21 
M. aestuarina 127.42 257.86 2.58 
C. obscura 244.21 25.79 2.52 
Coarse - Fine 
Average dissimilarity = 66.53 
 Average abundance  
Species Coarse Fine Contribution % 
Hydrobiidae 4169.31 1301.54 34.32 
M. balthica 2431.51 1577.04 21.14 
Oligochaeta 1599.77 228.01 16.01 
P. elegans 743.26 0.00 7.23 
Marenzelleria spp. 654.77 66.50 6.86 
C. glaucum 410.56 142.50 5.07 
H. diversicolor 435.34 152.00 4.61 
C. obscura 244.21 66.50 2.90 
M. aestuarina 127.42 85.50 1.87 
Medium - Fine 
Average dissimilarity = 59.86 
 Average abundance  
Species Medium Fine Contribution % 
M. balthica 2552.86 1577.04 35.10 
Hydrobiidae 2462.60 1301.54 31.79 
Oligochaeta 683.34 228.01 8.50 
Marenzelleria spp. 361.01 66.50 8.33 
C. glaucum 167.61 142.50 5.68 
M. aestuarina 257.86 85.50 4.47 
H. diversicolor 154.72 152.00 3.80 
C. obscura 25.79 66.50 2.22 
P. elegans 12.89 0.00 0.11 
  
Appendix 5. SIMPER analysis identifying the percent contribution of each species to the Bray Curtis dissimilarity of 
untransformed community biomass between the sediment types (coarse, medium and fine sediments). 
 
Coarse - Medium 
Average dissimilarity = 70.10 
 Average biomass  
Species Coarse Medium Contribution % 
M. balthica 78.08 82.23 58.69 
Marenzelleria spp. 12.99 6.16 12.76 
H. diversicolor 9.76 5.53 10.81 
C. glaucum 21.02 3.31 9.22 
Hydrobiidae 8.45 5.70 7.42 
Oligochaeta 0.46 0.11 0.50 
C. obscura 0.21 0.00 0.23 
M. aestuarina 0.00 0.15 0.22 
P. elegans 0.22 0.00 0.16 
Coarse - Fine 
Average dissimilarity = 80.69 
 Average biomass  
Species Coarse Fine Contribution % 
M. balthica 78.08 17.21 48.82 
H. diversicolor 9.76 13.24 17.13 
Marenzelleria spp. 12.99 1.83 16.59 
Hydrobiidae 8.45 2.37 8.99 
C. glaucum 21.02 0.08 7.47 
Oligochaeta 0.46 0.03 0.51 
C. obscura 0.21 0.05 0.31 
P. elegans 0.22 0.00 0.18 
M. aestuarina 0.00 0.00 0.00 
Medium - Fine 
Average dissimilarity = 81.84 
 Average biomass  
Species Medium Fine Contribution % 
M. balthica 82.23 17.21 54.96 
H. diversicolor 5.53 13.24 16.88 
Marenzelleria spp. 6.16 1.83 12.19 
Hydrobiidae 5.70 2.37 11.68 
C. glaucum 3.31 0.08 3.39 
M. aestuarina 0.15 0.00 0.41 
Oligochaeta 0.11 0.03 0.31 
C. obscura 0.00 0.05 0.18 
P. elegans 0.00 0.00 0.00 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Appendix 6. Fluxes at the sampling sites mean ± SD (n = 5 for all sites, except 1, 6 and 11, were n = 4 and site 16, where 
n = 3), all solute fluxes in µmol m-2 h-1 except O2 in mg m-2 h-1.  
 
Site NH4+ PO43- Si O2 
1 29.5 ± 30.1 5.3 ± 5.4 -24.8 ± 82.7 -29.7 ± 11.0 
2 21.7 ± 21.2 5.1 ± 3.9 -6.0 ± 19.5 -33.6 ± 8.1 
3 28.3 ± 29.8 11.1 ± 8.1 10.6 ± 40.3 -42.4 ± 15.4 
4 72.1 ± 107.2 15.5 ± 13.0 108.8 ± 90.9 -46.6 ± 21.9 
5 36.7 ± 31.8 1.3 ± 3.1 72.6 ± 39.0 -35.3 ± 11.2 
6 91.5 ± 69.1 11.1 ± 13.8 -17.9 ± 37.5 -56.9 ± 16.0 
7 15.2 ± 16.1 -0.2 ± 1.3 23.0 ± 60.4 -28.7 ± 9.1 
8 7.0 ± 7.1 0.7 ± 1.1 0.8 ± 17.0 -30.5 ± 4.9 
9 7.2 ± 19.2 3.3 ± 1.5 9.3 ± 22.9 -34.8 ± 14.5 
10 8.4 ± 20.0 0.7 ± 2.5 -3.8 ± 61.7 -25.0 ± 10.0 
11 -18.5 ± 8.1 -0.3 ± 0.7 18.6 ± 39.3 -4.2 ± 11.3 
12 67.0 ± 38.9 3.2 ± 1.5 115.1 ± 110.4 -44.8 ± 11.2 
13 20.4 ± 33.2 1.1 ± 2.6 -4.8 ± 26.0 -40.5 ± 13.4 
14 4.5 ± 5.4 2.0 ± 1.8 6.0 ± 6.6 -23.3 ± 8.1 
15 -0.7 ± 5.3 7.6 ± 14.5 44.1 ± 87.4 -43.6 ± 11.6 
16 3.1 ± 3.1 2.7 ± 3.2 -11.1 ± 23.6 -20.7 ± 5.9 
17 25.7 ± 49.8 7.3 ± 7.3 54.3 ± 136.0 -46.4 ± 12.9 
18 3.1 ± 7.1 1.8 ± 0.8 3.5 ± 15.4 -34.0 ± 9.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Appendix 7. PERMANOVA table showing differences in the multivariate fluxes and the individual fluxes between the 
sediment types (coarse, medium and fine sediments). 
 
Multivariate fluxes df SS MS Pseudo-F P(perm) 
Sediment type 2 17.037 8.5186 2.1907 0.063 
Residuals 81 314.96 3.8884                  
Total 83 332                         
NH4 flux df SS MS Pseudo-F P(perm) 
Sediment type 2 0.13397 0.066985 0.065476 0.9391 
Residuals 81 82.866 1.023                  
Total 83 83                           
Pair-wise test t P(perm)    
medium, coarse 0.29103 0.7733    
medium, fine 0.30973 0.7991    
coarse, fine 0.18493 0.8657    
PO4 flux df SS MS Pseudo-F P(perm) 
Sediment type 2 10.135 5.0677 5.6335 0.0068 
Residuals 81 72.865 0.89956                  
Total 83 83                          
Pair-wise test t P(perm)    
medium, coarse 3.3901 0.002    
medium, fine 0.19734 0.853    
coarse, fine 2.6451 0.0111    
Si flux df SS MS Pseudo-F P(perm) 
Sediment type 2 1.997 0.99851 0.99847 0.3803 
Residuals 81 81.003 1                  
Total 83 83                          
Pair-wise test t P(perm)    
medium, coarse 0.18126 0.8588    
medium, fine 0.97093 0.3505    
coarse, fine 1.4352 0.151    
O2 flux df SS MS Pseudo-F P(perm) 
Sediment type 2 4.7708 2.3854 2.4699 0.09 
Residuals 81 78.229 0.96579                  
Total 83 83                          
Pair-wise test t P(perm)    
medium, coarse 1.3083 0.2008    
medium, fine 0.45554 0.6578    
coarse, fine 2.031 0.0485    
 
 
 
 
 
Appendix 8. Bottom-water nutrient (µmol l-1) and oxygen (mg l-1) concentrations in the sediment types, mean ± SD. 
  
 Coarse Medium Fine 
NO2-+NO3- 0.1 ± 0.1 <0.1 ± <0.1 <0.1 ± <0.1 
NH4+ 0.7 ± 0.5 0.3 ± 0.1 0.6 ± 0.3 
PO43- 0.2 ± 0.1 0.1 ± <0.1 0.2 ± 0.1 
Si 7.3 ± 2.2 8.4 ± 1.3 7.8 ± 0.8 
O2 8.7 ± 0.5 8.8 ± 0.5 9.0 ± 0.7 
 
 
 
Appendix 9. Porewater nutrient concentrations (µmol l-1) in the sediment types, mean ± SD.  
 
 
Sediment 
depth 
(cm) 
Coarse Medium Fine 
NO2-+NO3- 1 3.1 ± 1.8 1.4 ± 0.4 2.6 ± 0.9 
 3 5.5 ± 2.1 4.1 ± 0.7 3.9 ± 2.2 
 5 5.2 ± 2.7 4.3 ± 1.5 5.8 ± 4.6 
 10 6.4 ± 2.6 5.2 ± 3.7 7.4 ± 6.1 
NH4+ 1 29 ± 27 39 ± 33 22 ± 24 
 3 41 ± 38 64 ± 38 62 ± 55 
 5 44 ± 27 48 ± 27 70 ± 48 
 10 38 ± 17 49 ± 38 54 ± 35 
PO43- 1 5.9 ± 5.3 12 ± 5.0 33 ± 16 
 3 7.5 ± 9.0 16 ± 15 50 ± 21 
 5 7.3 ± 5.1 10 ± 7.0 41 ± 33 
 10 5.6 ± 4.1 12 ± 14 20 ± 20 
Si 1 23 ± 22 38 ± 32 67 ± 27 
 3 27 ± 20 58 ± 40 135 ± 78 
 5 37 ± 33 59 ± 31 138 ± 94 
 10 44 ± 31 60 ± 20 128 ± 50 
 
